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We have found a novel method for increasing the giant magnetoresigi@aiMie) of Co/Cu spin

valves with the use of oxygen. Surprisingly, spin valves with the largest GMR are not produced in
the best vacuum. Introducing>&10 ° Torr (7X 10 7 Pa into our ultrahigh vacuum deposition
chamber during spin-valve growth increases the GMR, decreases the ferromagnetic coupling
between magnetic layers, and decreases the sheet resistance of the spin valves. It appears that the
oxygen may act as a surfactant during film growth to suppress defects and to create a surface which
scatters electrons more specularly. Using this technique, bottom spin valves and symmetric spin
valves with GMR values of 19.0% and 24.8%, respectively, have been produced. These are the
largest values ever reported for such structures. 1997 American Institute of Physics.
[S0021-897€07)00924-9

I. INTRODUCTION p(H,0) is high, there is more contamination on the chamber
walls.
A key goal of research in the field of giant magnetore- |ronically, if this contamination is at just the right level

sistancg GMR) is to retain large GMR values while limiting and of the right type, it significantly increases the GMR. It
the magnetic saturation field or the switching field to |eve|Sappears that oxygen is primarily responsible for the GMR
compatible with practical applicatioﬁsln general, his limi-  increase by acting as a surfactant during film growth, al-
tation means a switching field below5 mT, i.e., 50 Oe. though all the details are not yet clear. The main purpose of
The largest GMR value ever recorded at room temperathe present article is to explain this complicated and surpris-
ture is 110%(for a CoCu superlattio¢ Unfortunately, the ing effect and to show how it may be utilized by the delib-
saturation field in this case was rather lafge3 T, i.e., 30 erate introduction of @during spin valve growth.
kOe). Nevertheless, the achievement of such large GMR val-
ues in superlattices offers the hope that significantly im-
proved GMR values may be achievable in simpbme or
two Cu layerg spin valves, which have the advantage that
they generally exhibit far lower saturation fields.
In our pursuit of larger GMR values we found receftly
that improving the base pressure of our magnetron-sputterin&

II. EXPERIMENT

The NiO substrates used in this work were polycrystal-

q - duced | GMR val | e films ~50 nm thick, deposited on 3 in. Si wafers by
eposition sys_tem produced farger LVIR values. t appearey4ctive magnetron sputtering at the University of California
that the most likely cause was a reduction in the partial pres;

t San Diego and University of Minnesota. At the National
sure of water vapop(H0). The largest GMR value®ver  hgtityte of Standards and Technology, the wafers were

23% in symmetry spin valvgsvere obtained at the lowest cjeaved into~1 cn? squares, cleaned ultrasonically in a de-
achievablep(H,0), ~10"° Torr (~10 7 Pa. However, tergent solution, rinsed in distilled water, blown dry, and
soon after publishing these resdlte/o very important facts installed in the deposition chamber.

came to light. First, a further reduction jr{H,0) to ~10~*° The metal films were deposited at room temperature
Torr produced sharply lower GMR valugs-17% for sym-  (RT) by dc magnetron sputtering in 2 mTd.27 Pa Ar at
metric spin valvel Second, it became apparent thdH,0) 3 rate of~0.1 nm/s. For symmetric spin valves, the top NiO
was not the direct cause of the differing GMR values. Thelayer was deposited by sputtering a Ni target with an 85/15
p(H,0) was only an indirect indicator to the true cause,mixture of Ar/ O..

which appears to be contamination of the growing film by =~ The magnetoresistand®R) measurements were made
carbon and oxygen atoms, as seen by x-ray photoelectrast RT using the four-point probe dc mode in a vacuum cham-
spectroscopyXPS) measurements of the surface after depo-ber connected to the deposition chamber.

sition. These atoms are presumed to be knocked off the Some additional experimental details may be found in
chamber walls by the magnetron plasma. Apparently whemRefs. 3 and 4.
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Symmetric Spin Valve ditions and then deliberately introducing gases such as H

CO, CHy4, Ny, H,0O, and Q into the chamber during spin
50 nm NiO valve growth.
2.5 0m Co ) A preview of our interpretation of the results may be
S — Botiom Spin Valve helpful to the reader at this point. Dissociation of gas phase
o wm Ca 11:‘;2‘; molecules by the sputtering plasma is not an important
2.5 nm Co 2..5nmCo source of sample contamination under typical deposition
50 nm NIO <0 om0 conditions. However, energetic _electrons, ions, and atoms
from the plasma knock contaminants off the walls of the
S sam S / /  siaony S / chamber and some of these adsorb on the growing sample

surface. This contamination can be beneficial in some cases,

FIG. 1. An illustration of the standard spin valve structures that are the basiémd It appe_ars that a partlcular.coverage of oxygen on the
for the present investigations. The terms symmetric and bottom refer to theurface during growth leads to improved properties for the
location of the NiO pinning layers. spin valves.

Ill. RESULTS AND DISCUSSION 1. Methane and nitrogen

. ) Since CH and N, do not react directly with Co or Cu

The improved vacuum of the present work was achievedrfaces but must first be dissociated by the magnetron
partly by baking the deposition chamber longer and at highep|asma, their introduction during growth provided an excel-
temperatures than before and partly by running the magngant test of how efficiently the plasma dissociates molecules.
tron sputtering guns longer prior to spin valve growth to coalgr ejther gas, the partial pressure had to be increased to
the interior walls of the chamber more effectively with fresh _ 1y 10-5 Torr (~10"2 Pa to produce a measurable de-

; — 10 —8 . . .

metal films. A base pressure o&3L0" " Torr (7X10°° P8,  crease in GMR. This decrease correlated with the appearance
of which 90% is H, is achievable in this manner. In con- of carhon(for the case of Clj and nitroger(in the case of
trast, the base pressure of an unbaked chamber1§ N,) in XPS data of the spin valve surface. Since electron-
Torr (~10"" Pa, of which 90% is H, after depositing a few inquced dissociation cross-sections do not vary greatly
spin valve films. Unfortunately, pressure is a poor |nd|catoramong the common gaséshese results suggest that the
of the level of cleanliness of the walls of the chamber. How-magnetron plasma is not particularly efficient in dissociating
ever, it is very F:qur from the present work that the I.evel andhe gases found in deposition chambers. Thus, we may draw
type qf contamination on the walls have a profound influencgne conclusion that under vacuum conditions commonly
on spin valve properties. found in magnetron-sputtering depositi¢e.g., base pres-

The presence of contamination on the surface of a spigyres<10~7 Torr or <10 5 Pg contamination of the grow-

valve is directly observablen situ by XPS in_an adjacent ing samples by the dissociation of background gases by the
vacuum chamber. Normally, the only contaminants observegagnetron plasma is not important.

are carbon and oxygen, although other species could be
present at levels as high as a few percent of a monolaye
(ML) and go undetected by XPS. The extent of carbon an
oxygen contamination can be estimated on the basis of rela- Deeper insight into what is occurring is provided by the
tive photoelectron cross-sectiohmeasured O dintensities  case of HO. Like CH, and N,, H,O does not react very
from NiO, and the photoelectron attenuation lengths in RiO. readily directly with Co or Cu surfacésThe available evi-
Under the cleanest possible conditions we find that, immedidence suggests that at room temperature in a vacuum cham-
ately after deposition, bottom spin valves exhibit an oxygerper H,O does not adsorb at all on Co or Cu surfaces consist-
intensity equivalent to~0.1 ML (ML is defined here as 1.6 ing of the low-index crystal planes although a slight
X 10 atoms/cr) and carbon is not detectable. However, tendency to dissociate into adsorbed OH and H species may
we found that such clean conditions consistently yielded spiwccur on high-index planeggtomically rough.® However, in
valves with lower GMR values than less clean conditionsspite of this low reactivity, the introduction of only 16
(such as an unbaked chambésr which we observe-0.5  Torr (10 > Pg H,O during growth produces a factor-of-two
ML oxygen and~0.1 ML carbon by XPS for bottom spin reduction in GMR® Since neither dissociation by the plasma
valves. The oxygen seems to be present mostly as adsorbedr direct reaction with the surface are the mechanism, what
atoms on the surface, but the observed carbon could be bo#@ppears to happen is that thg@adsorbs on and saturates
at the surface and in the bulk. Symmetric spin valves shovihe walls of the chamber (@ is well known for dissociating
similar levels of contamination if growth is interrupted for into OH and H on the iron oxide walls of vacuum syst&ms
examination by XPS. The typical structures of these types ofind the energetic impact of atoms, ions, and elect(prs
spin valves are illustrated in Fig. 1. duced by the magnetron plasjman the chamber walls lib-
erates dissociated fragments of®] and some of these ad-
sorb on the growing spin valve.

In response to the very surprising result that the cleanest This conclusion that the walls are primarily responsible
conditions yielded reduced GMR, we attempted to clarify thefor the contamination should not be surprising since the
role of contaminants by achieving the cleanest possible corchamber walls have the potential to hold far morgHhan

. Water vapor

A. The role of background gases
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is present in the gas phase. Note that 1 ML corresponds teffect by the deliberate introduction of atomic carbon during
~10% molecules/cri whereas 107 Torr corresponds to spin valve growth by co-deposition using a carbon target in
only 3x 10° molecules/cn?, so that a typical vacuum cham- one of the magnetron guns.
ber at 107 Torr (10 ° P@ might contain~ 10'> molecules We found that carbon reduces the GMR of spin valves
in the gas phase and10?° molecules adsorbed on the walls. severely. Even a few atomic percent carlibased on sput-
Therefore, energetic atoms, ions, and electrons emitted bigring rateg incorporated in a spin valve reduces the GMR
the magnetron plasma should be far more likely to impact aly more than half. This effect appears to correlate with the
HO molecule on the walls than an,@& molecule in the gas fact that carbon bonds very strongly to the growing surface
phase. and has little tendency to float out to the surface of the grow-
This effect of enhanced concentration of molecules oring film. This tendency of carbon to incorporate in growing
the chamber walls does not occur for Cahd N, because films has been noted earliér.
they are chemically much more inert and have little, if any,  The incorporation of carbon also tends to reduce the co-
tendency to adsorb on the chamber walls. ercivity of the unpinned Co film and increase the resistivity
of the spin valve. This coercivity reduction suggests that car-
bon reduces the grain size in the film. The coercivity is low-
ered by the presence of a few atomic percent of carbon,
Molecular hydrogen readily adsorbs on Co but not on Clypically from 5 mT (1=10 Oe to 3 mT. A reduction in
(at 300 K. If the H, partial pressure is less thanl0™° Torr  grain size will often reduce coercivity, and carbon would
(~107° Pa, adsorbed hydrogen atoms on @md the grow-  he expected to reduce grain size because it is well known for
ing Co surface must be saturated with hydrogen atoms wheReducing the diffusion rate of the metal atoms on metal
ever the H partial pressure is>~10" " Torr or ~10 ° P9 gyrfaced!
have no significant effect on spin valve growth. Based on  Fyrthermore, the resistivity of the spin valve increases
earlier studies,it seems very likely that the adsorbed hydro- by ~40% upon incorporation of even 1 at.% carb@g.,
gen atoms are not eXtenSiVer incorporated in the grOWingrom 25 to 35”,9 cm for a Symmetric Spin Va|\)eand th|s
film (except possibly at grain boundaniesut instead, and  increase is too large to be accounted for by impurity scatter-
because they are h|gh|y mobile, they float out to the SUrfaCQng by carbon. |mpurities typ|Ca||y On|y contribute
A different effect is found for partial pressures obH 1% 1076 () cm/at. %82 too small to explain our data. This
around 10° Torr (10°° Pa. At such pressures, the effect of result also suggests that carbon contamination leads to
H, is very similar to that of oxygeitand indeed XPS con- smaller grain size since diffuse scattering at the grain bound-

firms an increased coverage of oxygen on the spin valvgries is more likely to be responsible for most of the increase
surface. The most plausible interpretation is that the hydro-in resistivity.

gen atoms and ions produced in the plasma must be reacting
at the walls of the chamber to liberate oxygen atoms org Oxygen
oxygen-containing molecular fragments which then adsorb

on the growing spin valve and behave in a manner much like 1 he discovery of the importance of oxygen in spin valve
the adsorbed oxygen resulting from the presence of O growth was made during our earlier work on the use of Pb as
a surfactant to reduce the ferromagnetic couplirl)(be-

tween Co layers across the Cu spacer layer in spin vafves.

4. Carbon monoxide This magnetic coupling is generally belieye have two

Carbon monoxide also readily adsorbs on(®ot not on ~ sources, one a magnetostatic effect due to nonflat interfaces
Cu) at 300 K. It is not clear how much dissociation of CO often called orange-peak coupling and the other an electronic
occurs on Co, but some may occur. In any case, no reductiofPupling mediated by exchange which oscillates from ferro-
in GMR was observed for partial pressures of CO, delibermagnetic and antiferromagnetic as a function of Cu spacer
ately introduced during spin valve growth, below f0Torr  layer thickness. As a consequence of the oscillatory eHect
(10~* Pa. Only at 10°° Torr ( 10”2 P3 did a substantial can have negative valuéantiferromagnetic
reduction in GMR occur. Perhaps the Co does not dissociate We found by XPS that under conditions which yielded
on the surface, and merely floats out on an otherwise unpepurfaces contaminated by 0.5 ML or more of oxygen atoms,
turbed growing film. In any case, it appears that the backthe use of Pb did not reduce the coupling, and indeed under
ground pressure of CO in typical deposition chambers ighese conditionsi; was already low as if Pb had been used.

much too small to impair the properties of GMR spin valves.These results suggested that oxygen was acting as a surfac-
tant during growth to improve the structure of the spin valves

and led to the investigations reported here.
5. Carbon Our initial approach was to use oxygen in much the
While not usually thought of as a background gas insame manner as Pb. Spin valve growth was interrupted after
vacuum chambers, carbon is very important because hydrahe deposition of the Cu film and the surface exposed to
carbons adsorbed on the walls of the chamber have a ter-10 4 Torr-s (1072 Pss)O, to achieve an oxygen atom
dency to be knocked off by the energetic electrons, atoms;overage of~0.6 ML, after which growth of the sample was
and ions emitted by the magnetron discharge. Hydrocarbooompleted. The oxygen produced dramatic effects, as may be
fragments are very reactive and very likely dissociate on thseen by comparing Figs.(® and Zc) for bottom spin
surface of a growing spin valve. We attempted to mimic thisvalves. The reduction in coupling at a Cu thickness of 2 nm

3. Hydrogen
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FIG. 2. The value of the coupling fieldH¢) for bottom spin valves depos-
ited (a) in 5X 10°° Torr O,, (b) with the top of the Cu film exposed to,0
and (c) without the use of @ (Note: 1 mT=10 Oe.

FIG. 3. The sheet resistance of bottom spin valves with and without expos-
ing the Cu surface to oxygen as a function of Cu thickness.

was very similar to our results for the use of 1 ML Pbh. strong tendency to float out to the surface during subsequent
However, the effect is not as simple as a mere reduction imetal depositior.
H;. As Figs. Zb) and Zc) demonstrate, the use of oxygen There is one important point to emphasize about adsor-
appears to shift the plot dfi; vs Cu thickness by-0.4 nm.  bates that float out to the surface during film deposition. The
The steep drop apparent in FiggbRand Zc) as a function extent to which they float out correlates approximately with
of Cu thickness appears to be due to the oscillatory exchangée strength of their bond to the surfatAdsorbates such as
coupling effect, which is well known for producing such a carbon, which bond very strongly to the surface, have little
drop at approximately this Cu thickness, particularly formobility and little tendency to float out to the surface during
Cu/Co superlatticesNone of the samples in this series ac- deposition, while those which bond relatively weakly, such
tually exhibited antiferromagnetic coupling. It may well be as hydrogen atoms, are highly mobile and float out to the
that the orange-peal coupling makes a ferromagnetic contrsurface very efficiently.Oxygen is an intermediate case. In
bution which is too strong for the oscillatory effect to over- the present work, it will float out to the extent that, if 0.6 ML
come. Evidence for this interpretation, to be discussed besf oxygen is present on a Co surfa@eolycrystalling, ap-
low, is found in the data of Fig.(8) for samples grown in proximately 2 nm of additional Co must be deposited to
5x10°° Torr (7X10° 7 Pa O, for which the negative val- reduce the oxygen coverage to 0.3 ML. Since oxygen atoms
ues of the coupling, an indication of the oscillatory effect,are quite mobile on Co surfaces, it is likely that the oxygen
are observed. It appears likely that growth in oxygen tends tavhich does not float out is trapped in grain boundaries. The
suppress the orange-peal effect. lattice strain associated with oxygen as a substitutional im-
The most likely consequence of the use of covering thepurity inside a grain makes it unlikely that oxygen atoms
Cu film with 0.6 ML of oxygen, as in Fig. ®), is the sup- simply get buried as substitutional impurities to any large
pression of interdiffusion at the Cu/Co interface when Co isextent.
deposited on the oxygen-covered Cu surface. This effect is Additional evidence against oxygen atoms as substitu-
well known in single crystal studies of epitaxial growth in tional impurities comes from the reduction in resistivity ob-
systems similar to these:* served for spin valves deposited in the presence of 5
The cause of the shift of 0.4 nm corresponds-td ML, x107° Torr (7x10° 7 Pa O,. The sheet resistance is con-
is not clear, but it is plausible that the phase of the oscillasistently 10%—20% lower than for spin valves deposited in
tions will change in the presence of interdiffusion. However,the cleanest possible conditions. Substitutional oxygen impu-
a concurrent change in the maximum strength of couplingities would almost certainly increase the resistivity. Since
would also have been expected but is not apparent in thgrain boundaries probably already have a strong tendency to
data. Thus, the origin of the shift remains unresolved. scatter electrons diffusely, the addition of oxygen atoms to
If the use of oxygen in this manner is indeed suppressingrain boundaries may make little difference.
interdiffusion, it might be expected that the films would ex- Perhaps the most important result of the present investi-
hibit a lower resistivity since randomly intermixed alloys gations has been the discovery that the best spin valves are
generally have quite high resistivities. Figure 3 indicates jusproduced by deposition in a continuous background of
this effect. The sheet resistance of our spin valves is systensx 10 ° Torr ( 7x10 7 Pa O,. Figures 4 and 5 illustrate
atically lower when oxygen is used. the results for symmetric spin valves deposited, respectively,
It may seem surprising that the deliberate adsorption ofn the cleanest possible conditions and in the cleanest pos-
an impurity such as oxygen on the very sensitive interior ofsible conditions with the addition of>810° Torr O,. Un-
a spin valve could decrease the resistivity. It might have beefortunately, it is difficult to quantify the cleanest possible
thought that the resistivity would increase since impuritiesconditions since the base pressure appears to be only an in-
tend to scatter conduction electrons diffusely. However, thalirect measure of what gets knocked off the chamber walls
crucial fact here is that oxygen is highly mobile and has &y the magnetron plasma. Perhaps the best measure is the
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FIG. 4. Magnetoresistance loops for a symmetric spin valve grown in the=IG. 5. Magnetoresistance loops for a symmetric spin valve grown in the

cleanest conditions achievable faj high fields andb) low fields, recorded ~ cleanest conditions achievable but withk30 ° Torr (7x10°7 Pg O,

after saturation in a negative field. A vertical line(ls) marks the center of  present for(a) high fields andb) low fields, recorded after saturation in a

the loop, which is shifted from zero field due to the couplitty) between negative field. A vertical line inb) marks the center of the loop, which is

Co films. In this sampléd;=5.2 mT (52 O¢ andH_.=6.4 mT (64 Oe. shifted from zero field due to the couplingi{) between Co films. In this
sampleH;=4.1 mT (41 O¢ andH.=6.2 mT (62 Oe.

contamination observed by XPS on the spin valve surface, as

discussed above. . . is lost. At O, pressures higher than this, the fall-off in GMR
Under the cleanest conditions we can achieve, the GMI?5 rapid (€.g., 5% GMR at 5 108 Torr O,)

values we obtain for symmetric spin valves and bo?tom SPIN The arrows and triangles in Fig. 6 illustrate a very inter-

valves are generally about 17% and 14%, respectively. Thgsting and important point about bottom spin valves. The

Iargest val_ues we gchievdniefore experimenting Wit_h th? results demonstrate the drop in GMR which occurs when 2
deliberate introduction of were 23.4% for symmetric spin ML Ta is deposited on the surface. We found in earlier work

valves and 16% for bottpm spin valves. However, in bothiat an important requirement for achieving the highest pos-
cases, these record-setting values were achieved in an u,

Sible GMR in spin valves is having surfaces that reflect con-
baked deposition chambébase pressure-10"8 Torr or P g

duction electrons specularty.The deposition of 2 ML Ta
~10"% Pg, and it now appears that some of the oxygen P b P

. ities knocked off th lis adsorbed h ’~"'was found to be an ideal method for suppressing specular
'mP“““eS nocked o the walls adsorbed on the gerWIngscattering due to the extensive interdiffusion of Ta at the
spin valves and improved their properties.

The introduction of 5<10™° Torr of O, during growth
has allowed us to reach new record-setting values of the
GMR for both symmetric and bottom spin valves. For sym-
metric spin valves, we have achieved 24.8% illustrated in
Fig. 5 and for bottom spin valves we have achieved 18%.

The effect of oxygen is very similar for spin valves
based on pure NiFey rather than on pure Co. The largest
GMR again results from an Opressure of %10 ° Torr
(7x10°7 Pa. However, the GMR is always much smaller
when NggFe,q replaced Co. In bottom spin valves, 6.5% was
the largest GMR we achieved using puregNi,, for both
magnetic layers and 8.7% when one layer was puggHsi,
and the other pure Co.

The beneficial effect of Qexists in a rather narrow win- FIG. 6. A pIo_t of the GMR of bottom s‘pin _valves as a functi_on‘of the
dow around 5< 10~° Torr. Figure 6 illustrates this point for pressure of @in which they are growrsolid circleg. The arrows indicate

. = the drop in GMR which occurs when 2 ML Ta is deposited to suppress the
bottom spin valves. When the ,(pressure is increased t0 specular scattering at the surfagelid triangles. Note that 1< 10~° Torr

only 1x10 8 Torr (1.3x 10 © P, all GMR gain due to @  equals 1.%10°7 Pa.

0 2 4 6 0 8 10
Oy Pressure, units of 10™ Torr
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surface. The increasing length of the arrows with increasing 2 . . . ; .
pressure indicates that growth in the presence of oxygen in-
creases the extent of specular scattering. For pressures above 1r
5x10 ° Torr (7X10 7 Pa O,, the degree of specular scat- -
tering falls rapidly, and the data point a0 8 Torr actu- o
ally showed a very slight increase in GMR upon Ta deposi- E
tion. 2
The increase in specular electron scattering at the surface
of spin valves deposited in>610~° Torr (7x10~7 Pa0O,
suggests that the surface of these films must be smoother or 3 , , , , ,
more well ordered that those deposited withoytpgBesent. 20 -15  -10 -5 0 5 10
The explanation for this effect is probably that oxygen acts Resistance change, %
to lower the so-called Schwoebel barrier for metal atoms to
descend to a lower terrace. This effect is well established agG: 7. A plot of the change in GMR as a function of the change in resis-
a mechanism by which a surfactant can give a more Iayer%‘?segef;:;ittoerg_s‘)'n valvegrown in various pressures oowhen 2 ML
by-layer growth mode and thus a flatter surfate.
An additional insight may be derived from the triangles
in Fig. 6. The triangles exhibit an increasing GMR with in- sheet resistancée.g., 350/ to 38.50/ is a 10% in-
creasing @ pressure during growth. However, for the tri- creas¢ These data in the lower right corner of Fig. 7 are not
angles specular scattering was suppressed by the depositisurprising results.
of Ta. Thus, an additional effect seems to be increasing the The data in the upper left corner of Fig. 7 are perhaps
GMR. The most likely explanation is that oxygen on the more interesting. These data correspond to samples in which
growing surface is suppressing the interdiffusion at the interthe oxygen pressure during growth was too large and the
faces, as discussed above. GMR was thereby reduced. For such samples, the deposition
The data of Fig. @) provide additional support for the of Ta increased the GMR. It seems likely that excessive pres-
idea that growth in oxygen reduces structural imperfectionsures of oxygen leave the top Co surface partially oxidized
in the films. The oscillatory coupling is clearly observed in and the Ta acts as a reducing agent taking oxygen away from
Fig. 2(@). In general, oscillatory coupling is degraded by Co and, in a sense, repairing the surface. This interpretation
structural imperfection$.It is often not observed at all for is plausible since the heat of oxidation is much larger for Ta
simple (one Cu film spin valves: Superlattices, which ex- than for Co.
hibit a higher degree of crystalline order than simple spin  As a final note on growth of bottom spin valves in oxy-
valves(especially, larger grain sizemore commonly exhibit gen, Fig. 8 presents the sheet resistance as a function of O
oscillatory coupling than simple spin valves. Therefore, thepressure during growth. As in Fig. 6, it is clear that the
observation of negativéantiferromagneticcoupling values  beneficial effects of @lie in a rather narrow window of ©
in Fig. 2(a) suggest a lower level of defects when the spinpressure.
valves are grown in oxygen.
One surprising result that is not yet understood about th®. Effects of post-deposition processing of spin
use of 510 ° Torr (7xX10 7 Pg O, is that, for the best valves

GMR it must be used continuously during spin valve growth. -, 5y earlier papetwe reported that after optimizing the
It is especially important for the early and middle stages Oflayer thicknesses of a bottom spin valve and obtaining a

growth. It is less important near the end of the deposition ofg\Rr of 16%, an increase to 17% could be obtained by
the last Co layer, but still the best results come from Conti”“'exposing the surface to 102 Torr s (~1 Pa $ of O,. This

ous use(In contrast, adsorbing oxygen only on the CU SUr-yeaiment produces about 0.3—0.4 nm of CoO at the surface
face, as in Figs. 2 and 3, did nothing to improve the GMR.

It seems that specular surfaces and sharp interfaces are only

part of the story. Something in the early stages of nucleation L 90

and growth must also be involved. Perhaps adsorbed oxygen E 80 |
suppresses the tendency of Co to bead-up on the NiO sub- %70
strate, to which it bonds weakly, by lowering the surface free §
energy. Improved wetting of the NiO by Co might increase % 60
grain size and thereby lengthen electron mean free paths. & 50
If the deposition of Ta suppresses specular scattering, an g 40T
increase in resistivity would be expected. Just such an effect @w30r
is observed, and Fig. 7 presents the data. The lower right 20

corner presents the data on samples for which oxygen was o OP 1020 ‘t30 f14(?'9T50 60
used(at various pressurgs$o increase the GMR. Decreases 2 Tressure, unis o orr
n ('EMR a|V\l,<::ly.S correlate with m(,:reases In reS|sta;10e. Ir; FIgFIG. 8. A plot of the sheet resistance of bottom spin valves as a function of
7, “AGMR” is an absolute differencee.g., 14%—16% tne pressure of Oin which they are grown. Note that<110~° Torr equals

=—2%), whilc “resistance change” is a relative increase in 1.3x'1077 Pa.
2%), whil t hang lat 1.3x'1077 P
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17 T y . T T ®Oxygen © Cobalt

16 1 A
< ¢ o s X . - As deposited
g st 1 f : i
O g

JLayer-by-layer oxidation
14 1
O ~2-3 ML CoO
13 1 1 1 1

107 10% 10°  10* 107

Oxygen exposure, Torr-sec

<

) ) FIG. 10. A proposed model for the surface oxidation process that may
FIG. 9. A plot of the GMR of a bottom spin valve as a function of the eyplain data of Fig. 9.

exposure to @ after deposition. Note that 107 Torr-s equals 1.3
X107° Pas.

posure to @ the coupling H;) in bottom spin valves in-
(~2 ML). We suggested that the increase of (tsolutein ~ C'€ases This effect would seem very odd in the context of
GMR might be explained if the extent of specular electront€ Usual picture of magnetostatic or orange-peel coupling in
scattering at the Co/CoO interface is larger than at the CoWh'CT, undulations in tlhe spin valve Lead to fgrroma_gnetlc
vacuum interface. Specular electron scattering is favored b oupiing bgtween Co layers across t e Cu. Figur@)li
a smooth, well-ordered, and atomically sharp interface. If thdUStrates this concept. In the usual picture, growth produces
Colvacuum interface is somewhat rough and the high point§onformal roughnesgas is usually observed in transmission
oxidize more readily than the low pointdue to attack from er:ectron m'ZTOSCODY of spin valve, andlmag?]eth p?les on
the side§ one could easily imaging the Co/CoO interface to!€ €0 produce a magnetostatic coupling that is ferromag-
be very smooth and sharp. netic in sense. _ _

In more recent work on bottom spin valves, we have In this standard picture, there is no reason to expect that
established that an increase of about 1%—2% in GidR &Y surface treatment would affect the coupling since the
solute, i.e.,AGMR) upon exposure to Ois quite reproduc- undulating Co/Cu/Co interfaces are buried well below the
ible even for spin valves deposited inxa0~° Torr (7 surfa_lce and presumably are static. Figureﬁb‘,l,Zhovv.ever,'

X 10"7 Pg O,. This is particularly true for those spin valves Provides ahnew ¥vr|nkle. If cqnforn;al ro'lIJIghn'ess IS Lnam-
which do not exhibit a particularly large GMR as deposited.t2ined to the surface, magnetic poles will exist on the Co
Figure 9 presents an example of this. This particular spiffUter surface and, significantly, these poles will couple anti-
valve happened to have a GMR of only 13.8% as depositeBerromagnetlcally to the lower Co film. Therefore, it seems
(even though it was grown in%10° Torr O,.) Upon ex- likely that the net coupling observed experimentally involves
posure to @ the GMR increases 2%absolute. Spin valves a partial cancellation of the dominant ferromagnetic coupling
which have the highest GMR, as deposited, tend to shoW! these systemg. b h i .

smaller increases, but even for the best samples there is al- The connection between the antiferromagnetic compo-
most always some increase in GMR upop éXposure. nent of Fig. 12b) ar_ld the model su_ggested in Fig. 1Q is that

The reason for this effect is not clear. It appears thaf®9ether they provide an explanation for the otherwise very
sometimes, for unknown reasons, growth i 50~° Torr surprising data of Fig. 11. By oxidizing the Co protrusions at
O, is not particularly effective, resulting in an imperfect sur-
face, and subsequent exposure toc@ somehow repair the 1.4

deficiency. Figure 10 presents one suggestion for what might 13k i
be occurring. If the surface—as deposited—is not very

smooth, it is likely that the oxidation of the surface will o 27 |
begin at high points or protrusions and progress downwards fﬁ L1r ]
(protrusions should oxidize more readilyMany surfaces S 10t .
oxidize very quickly to a depth of a few ML, after which the %‘ 0.9 | j
oxidation slows down dramatically. The suggestion of Fig. © 08 L |
10 is that oxidizing the high points leaves a metal/insulator )

interface(CoO/C9 that is more flat than the Co/vacuum in- 07y i
terface, and this effect may increase specular electron scat- 0.6 = . " ~ =
tering. The processsuggested in Fig. J0may be termed 0 10 10 10 10
layer-by-layer oxidation. Oxygen exposure, Torr-sec

The idea behind Fig. 10 mlght seem rather SpeCUIatIV?:IG. 11. A plot of the coupling field H;) of a bottom spin valve as a

were it r?Ot for a very interesting effect we discovered re-fynction of exposure to gafter deposition. Note thatd 106 Torr-s equals
cently. Figure 11 presents an example of the data. Upon ex-3x107* Pas.
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~0.4 nm TaO

Z P Z P Z P ~0.4 nm CoO
—M—> Co —
/\/\/\y 31m Co
-~ ~ Deposit in
+ N Cu /— + 5 102 Torr 2nm Cu
M Co 0, 2.5nm Co
e
b) 50 nm NiO
Si(100)
__Mﬁ
Co
/\/\/\y FIG. 13. An illustration of a capping layer which provides excellent protec-
tion from exposure to air and which acutally increases the GMR.
— + - N\ Cu /— ¢
_M Co but, as a conductor, it shunts current diluting the GMR ef-
fect. In our experience a bottom spin valve that exhibits, for
a) example, 15% GMR will only exhibit 11% after the deposi-

FIG. 12. An illustration of the conventional picture of magnetostatic cou tion of 5 nm of Ta. Accordingly, we have investigated a
pIiné dué to conformal roughness (&), and hO\'/Dv that picturegmay be modi- variety of altematlve ca_pplng Iaye_rs‘ . )
fied to explain the data in Fig. 11 if). Our primary goals in developing an improved capping
layer were to preserve the specular scattering at the top Co
surface and to avoid thick Ta films. After numerous attempts,
the surface and rendering them nonmagnetic the antiferrove found what appears to be an excellent recipe for a nearly
magnetic contribution is suppressed and the net coupling bédeal capping layer for bottom spin valves. It consists of
comes more ferromagnetic. exposing the top Co layer te 10~ Torr-s (~10~2 Pas) of
The increases observed in coupling upop é&posure O, to produce~0.4 nm CoO, depositing-0.4 nm Ta, and
are too large to be explained by the reduction in the totakxposing the sample to air to oxidize the Ta. The resulting
magnetization of the top Co film. This magnetization actsstructure is illustrated in Fig. 13. A remarkable aspect of this
like a lever arm and should be inversely proportional to theparticular capping layer is that it produces a further increase
observed magnetostatic coupling. However, the data of Fign GMR and a further small drop in resistance, suggesting a
11, which shows a doubling of the coupling, is typical. We further increase in specular scattering. Figure 14 presents the
know from XPS that only the top-2 ML of the Co is oxi- GMR data. The GMR of 19% is the largest value ever re-
dized. Therefore, we are not observing a simple lever-arnported for a spin valve with a single Cu layer.
effect. It is important to note here that the 0.4 nm Ta appears to
One additional note about the roughness of these filmbe playing some role as a catalyst to improve the surface
may be of interest. The sinusoidal undulations illustrated irfurther when the sample is exposed to air. Without the Ta or
Fig. 12 are an oversimplification. We have investigated awith significantly thicker Ta, no way could be found to
variety of spin valves using am situ scanning tunneling achieve 19% GMR. Figure 15 presents data on the increase
microscope® We find that there are two basic types of in GMR produced by the above recipe as a function of Ta
roughness, an atomic scale roughnéi® Fig. 10 but less thickness. TheAGMR values are the GMR after exposure to
pronouncegiwhich is almost certainly not conformal through air minus the GMR as deposited inx80° Torr (7
the spin valve and a larger scale roughn@be grain size  x10 '/ Pg O, but before exposure to the 104 Torrs
which is very likely conformal. The larger scale roughness(~10 2 Pa$ of O,. Some samples showed AGMR of
consists of grains 5—15 nm in diameter separated-By5-  almost+2%.
nm-deep grooves or valleys at the grain boundaries. The Another important aspect of this capping layer is its sta-
sides of these valleys are the apparent site of the magnethility. After a month in air the GMR was remeasured and
poles responsible for the coupling. found to be still 19%. It seems surprising that such a thin
capping layer can provide such good protection.

C. Capping layers

It is common practice with bottom spin valves to depositD' General remarks

a protecting or capping layer before exposing the spin valve  Unfortunately, we cannot quantify the degree of specular
to air. The capping layer most widely used seems to be a Tacattering in any of these samples. However, it does appear
film 5 nm thick. Based on our experience, this is a poorlikely that the procedure of depositing Ta on a metal surface
choice. Not only does the Ta suppress the specular scatteriig very effective in suppressing the specular scattering. Vari-
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43 —— ticular, the grain size is significantly larger in the best super-
;é 42 GMR =19.0% . lattices than in the best simple spin valves. Diffuse scattering
=) 4l - ] of electrons at the grain boundaries will limit the potential of
§ gg I | specular scattering for increasing the GMR in such samples;
238t a) | however the limits remain to be explored. Further studies of
837t - specular scattering, particularly from a surface science per-
B36r . spective, would seem to be very timely at present and have
Z gi T excellent prospects for discoveries of great practical signifi-
0.4 0.3 -02 -0.1 0.0 0.0 02 03 04 cance.
Field, Tesla
" 42 T T T T T IV. SUMMARY
§ :(1) | _ | The major conclusions of this work may be summarized
g 4. H as follows. The cleanest possible deposition conditions do
8 9T b) (I ] not produce spin valves with the largest GMR. The largest
3 38 l GMR values obtained to date have been achieved by grow-
% 371 | ing the spin valves in £10°° Torr O,. Values of 19.0%
g3 i and 24.8% have been achieved for bottom spin valves and
35 — — symmetric spin valves, respectively. These are the largest
20 -15 -10 -5 0 5 10 15 20

values ever reported for such structures. Oxygen appears to
act as a surfactant during growth, suppressing intermixing at
FIG. 14. Magnetoresistance loops for a bottom spin valve of the type iIIus-the Co/Cu mter.face and increasing the eXt_ent of specul-ar
trated in Fig. 13 for(a) high fields andb) low fields, recorded after satura- €lectron scattering at the top Co surface in bottom spin
tion in a negative field. A vertical line ib) marks the center of the loop, valves. Background gases typically found in deposition
\Ilr:htlﬁihsIi:r:mlgifrfog7zer7r1c}f(|§|7dg;eatnodt:efggplr??ggbggee” Cofilms.  chambers are not, directly, a major cause of small GMR
peni=2 © ' values. Contamination knocked off the chamber walls by en-
ergetic electrons, atoms, and ions from magnetron sputter

ous other materials, which we expected would suppress thg!ns appears o be_a major contributor to small GMR valu_es.
specular scattering, were investigated in the course of thigost-depoa_uon oxidation of the surface of bot'Fom Spin
work and our earlier work® These materials were chosen on valves can increase the extent of specular scattering and in-
the basis of our expectation that they would disorder thecre?se th?fMR n mpst (,;ases. The deposﬂon of Tal on the
surface extensively. They included carbon, silicon and, in thegurtace o ottom spin valves suppresses the specuiar scat-
case of Au surfaces, MFey, All materials were found to tering and, as a consequence, reduces the GMR and increases
produce similar results, suggesting that they all succeeded ﬁl?e reS|§tance of the samples. I?ure Tais a very poor choice
suppressing specular scattering almost completely. of capping layers for bottom.spln valves becausg it reduces
Increasing specular scattering appears to be one of thté‘he G,MR both b;'/A\suppr.essm]? si)eculéll_r scat.tje.rlng snd by
best hopes for increasing the GMR in simple spin vaiféd.  Shunting current. clapplng 0 OIh nm 1a, ?X' flze YEX'
In principle, if both top and bottom surfaces of a simple Spinposu_re to air, not only protects the Spin vaive from air ut
valve scattered electrons specularly the GMR could be aglso increased the_GMR, apparently by increasing the extent
large as that found in the best Co/Cu superlattid§o4), if ~ Of SPecular scattering.
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